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Songbirds (Oscines) learn their songs from a tutor. It is not known where in the brain the memories of these learned sounds are stored. Recent evidence suggests that song perception in songbirds involves neuronal activation in brain regions that have not traditionally been implicated in the control of song production or song learning, notably the caudal part of the neostriatum (NCM) and of the hyperstriatum ventrale. Zebra finch males (Taeniopygia guttata castanotis) were reared without their father and exposed to a tape-recorded song during the sensitive period for song learning. When, as adults, they were reexposed to the tutor song, the males showed increased expression of the protein products of the immediate early genes egr-1 (ZENK) and c-fos in the NCM and caudal hyperstriatum ventrale, but not in the conventional ''song-control nuclei.'' The strength of the immediate early gene response (which is a reflection of neuronal activation) in the NCM correlated significantly and positively with the number of song elements that the birds had copied from the tutor song. These results show localized neural activation in response to tutor song exposure that correlates with the strength of song learning. O f all avian species, approximately half are songbirds (Passeriformes: Oscines). Bird song has an important function in communication between conspecifics (1). Songbirds learn their song from an adult tutor when they are young (2, 3) . The study of the neural substrates of bird song learning has become a prominent model system for the investigation of the neural mechanisms of learning and memory (3-7). Until recently it was thought that two forebrain pathways connecting a number of ''song-control nuclei'' (Fig. 1a) comprise the neural substrate for bird song (3) (4) (5) (6) . The caudal pathway, including the high vocal center (HVC) and the robust nucleus of the archistriatum (RA), was considered to be involved in the production of song. Lesions to nuclei in this pathway, or to any of its connections result in immediate, profound, and irreversible deficits in song in adult birds (8) . The rostral pathway, including HVC, the lateral part of the magnocellular nucleus of the neostriatum (lMAN), and Area X, was thought to play a role in song learning. This suggestion was supported by the finding that bilateral lesions to lMAN or Area X disrupt song acquisition, but have little effect on crystallized song in adults (9 -11) . However, despite the obvious involvement of these forebrain pathways in song, it is still not known where in the songbird brain learned sounds are stored (4) .
Recent studies have investigated the expression of immediate early genes (IEGs) (12, 13) in adult zebra finch males after exposure to unfamiliar conspecific song (14) (15) (16) (17) . Expression of IEGs is a measure of neuronal activation (12, 13) . The results of these studies suggest that song perception in songbirds involves neuronal activation in brain regions that have not traditionally been implicated in the control of song production or song learning. Exposure of adult zebra finch males to conspecific song led to significantly increased expression of the IEG known as ZENK in the caudal part of the neostriatum (NCM) and of the hyperstriatum ventrale (cHV), but not in HVC, Area X, lMAN or RA, nor in Field L, a primary auditory projection area (14) (15) (16) (17) (18) (19) (20) . The increase in ZENK expression did not occur after exposure to heterospecific song or to tone busts (14, 15) . Subsequent studies suggest a dissociation between the neural substrates of production and perception of song (20) . When an adult zebra finch male sings, there is neuronal activation in the song-control nuclei (20, 21) . However, when the bird hears a conspecific song without singing itself, there is no increased activation in these nuclei, but there is in other regions, including NCM and cHV (14) (15) (16) (17) (18) (19) (20) . These findings suggest that NCM and cHV are important for song perception, but until now there is no evidence that indicates the role (if any) of either of these forebrain regions in the storage of auditory memories during song learning. The present experiment was designed to address this issue explicitly.
Methods

Subjects.
A total of 19 zebra finch males was used, 15 of whom were trained in a previous experiment (22) . The results of two birds were discarded because of a failed perfusion. Eventually there were nine birds in the experimental group and eight in the control group. They were reared and maintained as described in a behavioral study in which they participated (22) . Permission to perform this experiment was obtained from the Animal Experiments Committee of Leiden University (UDEC 98075).
Song Learning and Reexposure Procedure. The males were reared without their father from day 7 after hatching onwards. When they were 38 days old, they were placed individually in cages (75 ϫ 35 ϫ 40 cm) in a soundproof chamber. From days 38 to 76 after hatching (in the sensitive period for song learning), the birds were exposed to a taped song of an adult male zebra finch (22) . All birds were exposed to a song playback of one of four possible tutor songs, played through a speaker in the back wall of the cage. The average length of the songs was 5.6 s (Ϯ 0.3, SD). In addition, with every exposure to the song, the birds received exposure to a stuffed zebra finch male (6 s) either simultaneously with presentation of the song or after song presentation. There was no difference in song copying between these two training procedures (22) , and they were counterbalanced over the two groups in the present study. The song was presented 20 times per h according to a random presentation schedule, at 70 dB (A) measured at a distance of 30 cm from the center of the speaker. At the end of the tutoring period, when they were 76 days old, the birds were placed individually in soundproof isolation cages (50 ϫ 53 ϫ 40 cm) until their songs were recorded, at a mean age of 142.7 days (Ϯ 3.20 SEM). Recording took place in a soundproof chamber. After recording, a sonogram was made of a representative song for each bird, using CANARY software on an Apple MacIntosh computer, and compared with sonograms of tutor songs, which were produced in the same manner (see Fig.  2 ). Three independent observers, who did not know the identity of the experimental animals or the tutors, compared the sonograms of each of the experimental males with that of its tutor song and with another, unfamiliar, song from the pool of four tutor songs that were used for this experiment. For each element in the sonograms of the experimental animals, the observers rated the degree of similarity with the best matching element in the sonograms of each of the two tutor songs. For each experimental bird, the fraction of elements shared with the tutor song and with the unfamiliar song was calculated in relation to the total number of elements in the tutor or unfamiliar song. Kendall's coefficient of concordance for the three observers was 0.88. The means of the results of the three observers were used for analysis.
When the birds were 247.12 (Ϯ 10.38, SEM) days old, they were placed in a soundproof chamber and exposed to the taped tutor song for 30 min or not exposed to a song (controls), in darkness. The birds remained in darkness until they were sacrificed. Tape recordings revealed that none of the birds sang while they were placed in darkness.
Immunocytochemistry and Image Analysis. One hour after the end of exposure to the tutor song (or no exposure, in the control group), the birds were given an overdose of Nembutal (i.m.) and subsequently perfused with saline and a fixative (4% paraformaldehyde and 2.5% glutaraldehyde in 0.1 M PBS, pH 7.4). Free-floating sections (40 m) were prepared by using standard immunocytochemical techniques (17, 19, 21, 23) . The sections were placed in 0.1 M PBS (pH 7.4) and subsequently incubated in 0.3% H 2 O 2 in PBS for 15 min. The sections were then washed in PBS and incubated for 30 min in normal goat serum, washed again in PBS, and incubated for 20 h with the primary antibody (at 4°C). We used polyclonal antibodies against egr-1 (C-19, SC-189, dilution 1:20,000) and Fos (K-25, SC-253, dilution 1:30,000), respectively, raised in rabbits (Santa Cruz Biotechnology) (17) . Staining involved incubation for 1 h in ABC (avidin/biotinylated enzyme complex; Vector Laboratories), incubation in a diaminobenzidine medium for 10 min, followed by the addition of H 2 O 2 for 15 min. Control sections were subjected to the same procedure, with the exception of incubation in the primary antibody. Alternate sections were stained for acetylcholinesterase to enable identification of song-control nuclei (see Fig. 1b) .
At ϫ100 magnification, the number of immunopositive cell nuclei in a standard size frame (0.5 ϫ 0.5 mm for the NCM and Area X (see Fig. 3 ); 0.25 ϫ 0.25 mm for the HVC and the cHV) were counted blind by using NIH IMAGE analysis software. For NCM, the counting frame was placed at the extreme caudal pole of the neostriatum, immediately adjacent to the hippocampus (see Fig. 3 ). For cHV, the counting frame was positioned adjacent to the ventricle and to the lamina hyperstriatica (LH; see Fig. 1a ). For HVC and Area X, the counting frame was positioned in the center of the nuclei. Thresholds were similar between brains and brain regions, at Ϸ130 (range 120-145). For each region, the mean was calculated from two sections, for the NCM and cHV at Ϸ0.5 mm and 1.0 mm from the midline, and for the HVC and Area X at Ϸ1.3 and 1.5 mm from the midline, using the atlas of Vates et al. (24) .
Results
On average, there was significant song learning from the tutor songs: the mean fraction of song elements shared with the tutor song was 0.30 (Ϯ 0.06, SEM), whereas the fraction of song elements shared with an unfamiliar song (indicating random similarities) was 0.037 (Ϯ 0.017). Visual inspection of the sections revealed considerable staining in the neostriatum (including the NCM), medial hyperstriatum ventrale (including the cHV), and hippocampus, but very little staining in HVC, lMAN, RA, and Area X. Fig. 3 shows two representative photomicrographs of parasagittal sections of the caudal forebrain, including area NCM. ANOVA revealed that there was a significant increase in expression of both Fos and Zenk protein in the experimental birds compared with the control birds in the NCM and in the cHV but not in the other two regions that were sampled (Fig. 4) . The results of the ANOVA were, for the NCM: experimental vs. control: F 1,15 ϭ 13.56, P Ͻ 0.01; Fos vs. ZENK protein: F 1,15 ϭ 0.008, not significant; For the cHV: experimental vs. control: F 1,15 ϭ 10.34, P Ͻ 0.01; Fos vs. ZENK protein: F 1,15 ϭ 7.20, P Ͻ 0.05; there was no significant interaction between these two factors: F 1,15 ϭ 0.060, not significant.
In addition, we investigated the relationship between the degree of song learning (expressed as the number of song elements shared between the experimental birds and their tutor songs, relative to the number of elements in the tutor song) and the expression of IEG proteins (as reflected in the number of immunopositive cells per mm 2 ) in the NCM and cHV. In the experimental birds, but not in the controls, there was a significant correlation between the number of elements copied and the expression of both Fos and ZENK protein in the NCM (Fig. 5 ).
There were no significant correlations between these two factors in the cHV.
Discussion
These results suggest that the neuronal activation in the NCM on exposure to song is related to the song learning experience. The increase in IEG expression is unlikely to be nonspecific, because (i) it only occurred in two of the sampled regions, which have both been associated with song perception previously (14, 15) ; (ii) both proteins showed the same pattern of increased expression; and (iii) the IEG response in the NCM was related to the strength of song learning. It seems likely, therefore, that the NCM is (part of) the neural substrate for the representation of the learned tutor song, which is activated when the animal is reexposed to that song. This suggestion is consistent with previous electrophysiological recordings in the NCM of zebra finches, showing some degree of specificity in the response to conspecific songs (25) . In the present study, increased IEG expression in the cHV did not correlate significantly with song copying, suggesting that the cHV may have a different role than the NCM. However, the absolute levels of IEG expression were greater in the cHV than in the NCM. It may be that neurons in the cHV have a low threshold for responding to a limited number of familiar song elements. Electrophysiological evidence suggests that in the zebra finch, neurons in the cHV are responsive to conspecific songs, but that these responses are not specific to the bird's own song (26) . However, in this study electrophysiological responses to the tutor song were not measured. In the short term, repeated exposure to a song leads to a waning of the IEG response in the NCM (27) , consistent with a role for this region in the detection of stimulus familiarity, which is an important aspect of recognition memory (28) .
One prediction arising from the present findings is that early lesions to the NCM should impair song learning. Furthermore, the electrophysiological responses of neurons in the NCM when a trained bird is exposed to a song are predicted to reflect the similarity of the song to the bird's tutor song. Our findings have important implications for the study of the neural mechanisms of bird song learning and of recognition memory in general. They have a parallel in the analysis of the neural mechanisms of recognition memory in filial imprinting (23, (29) (30) (31) . As in imprinting (30, 32, 33) , the localization of function found in the present study should stimulate future research into the neuronal and synaptic events (28, 30, 34) that accompany the recognition memory of song learning. 
